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Meteors - light from comets and asteroids
Pavol Matlovič and Juraj Tóth
Abstract In studies of the oldest solar system bodies – comets and asteroids – it is
their fragments –meteoroids – that provide themost accessible planetarymaterial for
detailed laboratory analysis in the formof dust particles ormeteorites. Some asteroids
and comets were visited by spacecrafts and returned interplanetary samples to Earth,
while missions Hayabusa 2 and OSIRIX-REx visiting asteroids Ryugu and Bennu
are ongoing. However, the lack of representative samples of comets and asteroids
opens the space to gain more knowledge from direct observations of meteoroids. At
collisionwith theEarth’s atmosphere,meteoroids produce light phenomena known as
meteors.Differentmethods can be used to observemeteors, allowing us to study small
interplanetary fragments, which would otherwise remain undetected. Numerous
impressive meteor showers, storms and meteorite impacts have occurred throughout
the recorded history and can now be predicted and analyzed in much more detail. By
understanding the dynamics, composition and physical properties of meteoroids, we
are able to study the formation history and dynamical evolution of the solar system.
This work presents an introduction to meteor astronomy, its fundamental processes
and examples of current research topics.
1 Introduction: the space of meteoroids
1.1 Overview
Studying the solar system, as our home planetary neighborhood, the outlook for the
first space travels, and the only recognized source of life has always been one of the
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Fig. 1 Mass versus size dia-
gram containing some known
objects of the observable
universe and showing the
significance of the meteoroid
complex (from [1]).
main interests of astronomy and science in general. Despite the significant progress
in our understanding of how the solar system was formed, what bodies constitute it,
and what mechanisms influence their motion, there are still numerous unanswered
questions regarding the complex nature of our planetary system.
Many of the key information we have about the solar system come from the
studies of the oldest remnants left over from the planetary formation in the early
protosolar disk - asteroids, comets, and meteoroids. On one side, these bodies can
reveal the processes and conditions occurring in the early stages of the solar system.
On the other, they can give rise to the dangers of catastrophic impacts, which have
subjected our planet numerous times in the history. In each case, they are the topic
of high scientific interest. The studies of asteroids and comets are however often
complicated by the small size and low albedo of these bodies. Usually only limited
information can be obtained from direct observations. Meteor observations during
the interaction of meteoroids with the Earth’s atmosphere allow us to study small
solar system bodies, which would otherwise remain undetected. The importance of
meteoroid studies was eloquently stressed by [1], by simply plotting the mass versus
size diagram of objects in the observable universe (Fig. 1). This plot demonstrates
the multitude of meteoroids in the observable universe.
Recently, meteor astronomy has been gaining popularity among professional and
amateur astronomers, due to the arising possibilities of using inexpensive tech-
nologies, particularly sensitive CCD cameras to effectively observe meteors and
provide valuable scientific data. Most of these efforts are focused on studying the
identification methods and activities of meteor showers [2, 3], determining origi-
nal heliocentric meteoroid orbits or detecting potential meteorite impacts from the
brightest fireballs [4, 5, 6, 7]. Furthermore, the research focused on physical and
compositional properties of meteoroids is progressing by applying photographic
and video spectrographs to study emission spectra of meteors [8, 9, 10]. Physical
parameters such us meteoroid masses, strengths and densities can be determined
by studying their atmoshperic ablation and deceleration [11, 12, 13]. Example of a
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Fig. 2 Left: Leonid meteor shower observed during the 1998 outburst by a photographic camera
at the Modra Observatory. Right: a fireball captured by All-sky Meteor Orbit System (AMOS)
spectrograph, along with the first order emission spectrum (images by J. Tóth and P. Matlovič).
meteor shower captured by a photographic system and a meteor spectrum observed
by an all-sky video spectrograph is on Fig. 2.
The aim of this work is to provide basic introduction to meteor astronomy, its
fundamental processes, observational techniques and relevant examples of specific
research topics. A more comprehensive reviews of meteor studies beyond the pre-
sented individual examples can be found in [1, 14, 15, 16, 17] and the references
therein.
1.2 Terms in meteor astronomy
Meteoroid is currently defined as a solid natural object of a size roughly between
30 micrometers and 1 meter moving in, or coming from, interplanetary space1. The
size limits have been set by agreement and do not represent a physical boundary.
In the context of meteor observations, any object causing a meteor can be termed
a meteoroid, irrespective of its size. Bodies smaller than 30 micrometers tend to
radiate heat away more efficiently and not to vaporize during the atmospheric entry.
These smaller bodies are known as interplanetary dust particles. Meteorite is any
natural solid object that survived the meteor phase in a gaseous atmosphere without
being completely vaporized. Meteorites smaller than 1 mm in size are also called
micrometeorites. Depending on their speed, these may be too small to experience
ablation in an atmosphere. Graphical interpretation of the meteor terminology is
given in Fig. 3.
Meteoroids are dominantly produced as the decay products of comets and aster-
oids. Only a minority of meteoroids come from the surfaces of planets (e.g. Mars)
1 defined in 2017 by the IAU Commision F1 on Meteors, Meteorites and Interplanetary Dust
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Fig. 3 Different phases of
meteoroid interaction and
characteristic terms in meteor
astronomy (image by V.
Vojáček).
and planetary satellites (e.g. Moon) or from interstellar space. Though meteoroids
are conglomerates of materials formed in primordial solar nebula, the dynamical
lifetime of objects in near-Earth space is assumed to be of the order of 10 Myr
[18, 19]. This means that no meteoroids could have stayed on current orbits from the
beginning of the solar system.
We consider threemain processes which lead to the separation of meteoroids from
their parent bodies. Comets produce meteoroids through the process of sublimation
and following gas drag [20]. During the cometary activity near its perihelion, the drag
of vapors from evaporating ices also releases solid particles, dust and meteoroids.
Secondly, catastrophic disruption of comets can produce secondary nuclei and nu-
merous dust particles and meteoroids (see Chapter 21 in [3]). The third process is
related to direct collisions of solar system bodies, particularly among the main belt
asteroids, which produce many collisional fragments [21]. The separation velocities
of these fragments are always much smaller than the original orbital velocity. There-
fore, young meteoroids follow very similar orbits as their parent body. In this early
stage, it is relatively easy to link the meteoroid stream with its parent body. With
time, gravitational perturbations from planets and various non-gravitational forces
such as the Poynting-Robertson effect [22] cause the dispersion of the stream and
separation from its parent orbit [23].
In this respect we can distinguish stream meteoroids, which are usually just
recently separated from their parent object (typically up to few thousand years)
and sporadic meteoroids on seemingly random orbits, significantly altered from
the parent orbit. We assume that sporadic meteoroids were freed from their parent
object thousands to millions of years ago. Compilation of known parent objects
of meteoroid streams can be found e.g. in [24] or [3]. The sporadic complex was
described e.g. by [25, 26, 27]. The topics of meteor studies will be further discussed
in Section 4.
Meteoroids may dynamically evolve to pass near Earth and interact with our
atmosphere. The interaction may, for certain meteoroid sizes and velocities, result in
a luminous phenomenon known as meteor. Meteoroid streams entering the Earth’s
atmosphere generate so-calledmeteor showers. For observers,meteor showers appear
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to originate from the same point and direction in the sky known as the radiant. The
name of a meteor shower is derived from the apparent position of the radiant in the
night sky. For example, Leonid meteor shower has a radiant in the Leo constellation.
Owing to the interaction with air molecules, a meteoroid entering the Earth’s
atmoshpere heats up to high temperatures and starts to melt and vaporize. A column
of ionized and excited plasma is produced along the meteoroid trail, producing light,
ionization, and for larger particles, shock waves [28]. The meteor phenomenon can
exhibit several phases. The brightest part is called the meteor head. Ionization of air
along the meteor path forms an ion trainwhich reflects radio waves in the decameter
range. The ion trains of bright meteors can be visible even to the naked eye and those
of particularly brilliant meteors may persist for seconds or even minutes (also known
as persistent trains). Wake of the meteor is the luminosity extending directly behind
the meteor head and forming comet-like appearance of bright meteors. Meteor wake
has different spectral features compared to the spectrum of meteor head. At a given
position, the wake duration is only fraction of a second.
During the atmospheric flight, the meteoroid loses mass through processes of
vaporization, fusion (melting), and fragmentation. Generally, the process of mass
loss by a meteoroid is known as ablation. The resistance of the atmosphere causes
meteoroid to decelerate. Ablation and deceleration affect one another, since ablation
depends on the meteoroid velocity and deceleration on its mass. Therefore, the
equations describing deceleration and mass loss (see Eq. 3 and Eq. 5 in the next
section) of the body must be solved simultaneously.
The collisions with air molecules and dynamical load generally cause the frag-
mentation of meteoroids. There are several ways in which meteoroids break up.
The most significant fragmentation processes include progressive fragmentation
[29, 30], in which the meteoroid fragments into parts which continue to crum-
ble; (quasi-)continuous fragmentation [31, 32] describing continuous detachment
of small particles; and gross (sudden) fragmentation [33, 12] characteristic during
brilliant bursts, inwhichmeteoroid suddenly disrupts into large number of fragments.
Recent studies suggest that most meteoroids undergo some form of fragmentation
during the meteor phase. The most successfully applied ablation and fragmentation
models follow the concept of the dustball meteoroid [11, 12]. Still, many of the
methods we use to study meteoroid properties assume meteoroid interaction as a
single non-fragmenting body (next Section). While this approximation is sufficient
for most of our estimates, precise description of meteor deceleration and mass
loss must be based on a model of effective fragmentation. Neglecting meteoroid
fragmentation was one of the main reasons behind the discrepancies of determined
masses in past analyses (e.g. the discussion in [34, 35].
2 Atmospheric interaction: basics of meteor physics
The motion and ablation of a meteoroid in the Earth’s atmosphere is most often
described by the single body theory (Chapter 3 in [1]). Single body theory refers
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to the mass loss, deceleration, luminosity and ionization related to the motion of a
single non-fragmenting body. The theory assumes that the heat transfer, ionization,
luminosity and drag coefficient are during this path constant [28]. The presented
standard equations of single body theory (following the formalization used by [36])
are used to describe meteors both before and after their disruption.
Collisions of atmospheric molecules with meteoroid can either liberate atoms
from the surface of a meteoroid directly (also known as sputtering), or heat the
material to its boiling point of approximately 2000K. At these temperatures, material
starts to evaporate from the surface of the meteoroid in a phenomenon known as
thermal ablation. It is assumed that thermal ablation is the dominant process of
mass loss (see [37] and the discussion therin). Excess of thermal stress or stagnation
pressure can cause meteoroid to fragment into numerous smaller pieces. These
fragments continue to collide with atmospheric molecules and ablate on their own as
single bodies. The ablated material colliding with atmospheric molecules produces a
trail of ionized and excited plasma. Rather than individual atomic emission, ablation
may also take the form of a dust emission/removal, releasing a trail of heated small
particles which cause the meteor wake [1]. The ablation behavior differs significantly
among meteoroids. Large variations are observed in the beginning heights and light
curve shapes among smallermeteoroids, and in end heights among largermeteoroids.
The basis of the mathematical form describing the motion of a meteoroid in
atmosphere was first presented by [38] who used Hoppe’s solution with constant co-
efficients.More elaborate solutions to these differential solutionswere later presented
by [39] and [28].
Let us assume meteoroid passing through a distance v∆t in time period ∆t.
A meteoroid with a cross-section area S will encounter atmospheric mass (with
atmospheric density ρa) of ma = ρaSv∆t. The cross-section area can be rewritten
by introducing the dimensionless shape factor A = S/V2/3. Meteoroid volume V is
related to meteoroid bulk density and meteoroid mass asV = m/ρm. We will assume
that A is constant and for simplicity usually corresponds to a sphere (A=1.21). The
rate of air mass encountering the meteoroid is defined as:
dma
dt
=
∆ma
∆t
=
Avρam
2
3
ρm
2
3
(1)
We can express the momentum transfer from the atmosphere to the meteoroid by:
d (mv)
dt
=
dm
dt
v +
dv
dt
m = Γv
dma
dt
(2)
The drag coefficient Γ in Eq. 2 is defined as the fraction of momentum transferred
to the body from the ongoing molecules of air. The drag coefficient can vary between
0 (for no transfer of momentum) and 2 (perfect reflection of air molecules). For small
meteoroids, the term dm/dt can be neglected [1]. Next, by substituting Eq. 1 into
Eq. 2, we get the drag equation:
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dv
dt
= −ΓAρav
2
ρ
2
3
mm
1
3
(3)
The drag equation is the first fundamental equation in meteor physics. It describes
the deceleration of a meteoroid during its flight in the atmosphere (the deceleration
is emphasized by the negative sign at the right-hand side of the equation).
The second fundamental equation is called the mass-loss equation. The mass
loss rate is determined by the kinetic energy transferred from the atmosphere to the
meteoroid. We assume that a certain fraction of the kinetic energy of the oncoming
air molecules is expended on ablation of mass (vaporization or fusion and spraying)
of the meteoroid [28]. The loss of mass during ablation can be expressed as:
dm
dt
= −ΛEa
ξ∆t
= −Λv
2
2ξ
dma
dt
(4)
where Ea is the kinetic energy of interacting air molecules and ξ is the heat of
ablation, representing the energy required to melt/vaporize one unit of meteoroid
mass dm. Substituting Eq. 1 into Eq. 4 gives the conventional form of the mass-loss
equation:
dm
dt
= −ΛAρav
3m
2
3
2ξρ
2
3
m
(5)
The heat-transfer coefficient Λ is valued between zero and unity, since the energy
used on ablation cannot exceed the total kinetic energy of interacting air molecules.
Part of this kinetic energy will be used to heat up the body of a meteoroid, part
will be re-radiated, and part will be expended for excitation and ionization of the
meteoroid and surrounding air molecules. If fragmentation takes place, some of this
energy is also expended to break the mechanical bonds between meteoroid grains.
It is assumed that the amount of light produced during this process is also related
to the mass-loss rate, as it is proportional to the kinetic energy lost by the meteoroid
[1]. The energy released by the meteoroid in the form of radiation, typically in the
visible spectrum is described in the luminosity equation:
I = −τ dEm
dt
= −τ
(
v2
2
dm
dt
+
dv
dt
mv
)
(6)
Here, I is the radiative power (bolometric or in specific band pass) and τ is the
luminous efficiency, which is defined as the fraction of the kinetic energy loss of a
meteoroid transformed into radiation.Generally, the luminous efficiency is dependent
on the wavelength of radiation, the chemical composition of the meteoroid body and
the atmosphere, on the meteoroid velocity and possibly on the meteoroid mass. The
deceleration term (dv/dt) can be neglected for fast and faint meteors [1].
Most of the meteor radiation comes from line emissions in evaporated meteoroid
atoms [28]. Clearly, the chemical composition of the meteoroid plays significant
role in the nature of the produced emission, since different chemical elements are
represented by different line strengths in the visible spectrum. The ionization pro-
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duced during the interaction with atmosphere can be described using the ionization
equation:
q = − β
µv
dm
dt
(7)
In this equation, q is the electron line density, which represents the number of
electrons per unit trail length. The ionization coefficient β describes the average
number of electrons produced per ablated atom, while the atomic mass of standard
meteoroid atom is labeled as µ. The amount of ionization is again dependent on the
mass-loss rate.
To determine meteoroid mass from the observed photon and electron count, we
need the values of τ and β, which is often problematic. Usual process of obtaining
the ionization mass is based on measuring the electron line density q, assuming and
ionization curve and integrating Eq. 7. Similarly, the photometric mass is determined
by measuring I along the meteor trail and integrating Eq. 6.
Equations 3, 5, 6 and 7 contain several variables that need to be determined in
order to solve the fundamental equations of meteor physics. Some of them are given
by the physical properties of the meteoroid, some are determined from observations
and others can be estimated theoretically. The atmospheric density ρa is usually
defined by a model of the atmosphere for different heights of meteoroid-atmosphere
interaction. Currently the most commonly used video observations allow us to de-
termine the velocity of a meteor as a function of time and luminosity. The heat of
ablation is defined by the character of ablation (vaporizing or spraying) and is thus
dependent on the composition of a meteoroid. Lastly, the luminous efficiency, heat
transfer coefficient and drag coefficient must be obtained from theoretical models,
experiments, or by estimating based on observational data.
3 The nature of meteor radiation: spectra and meteoroid
composition
Meteor radiation is produced mainly by the excitation of atoms, due to the mutual
collisions with atmospheric atoms and molecules, and due to the recombination of
free electrons in the surrounding ionized gas and subsequent cascade transitions [28].
The radiation of a meteor originates in the plasma envelope of air and meteoric vapor
surrounding themeteoroid.Meteor spectra consist primarily of atomic emission lines
and molecular bands. Spectral analyses indicate that it is mainly the atoms and ions
of the meteoroid vapor which radiate. Although meteor spectra have been observed
since 1864, the knowledge gained from these observations is rather scarce.Most early
studies were focused on the description of the spectra and identification of lines. The
most extensive identifications are given by [40] for Perseid meteors (velocity of
app. 60 km s-1), by [41] for a 32 km s-1 meteor and by [42] for a 19 km s-1 meteor.
Overview of reliably identified atoms and ions is presented e.g. in Section 3.3 of [1].
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Not all lines in meteor spectra can be explained by a single temperature. [43]
revealed that meteor spectra are composed of two distinct components with different
characteristic temperatures. The lower temperature component is called the main
spectrum and its origin is in the radiating gas of meteoroid and atmospheric vapors.
The temperature lies usually in the range 3500 - 5000Kand does not generally depend
on meteor velocity. The main spectrum consists of several hundreds of lines, mostly
neutral lines of atoms of meteoric origin. The most notable lines present in the main
spectrum are of Fe I, Mg I, Na I, Ca I, Cr I, Mn I and Ca II. Thermal equilibrium
is nearly satisfied, although some lines may deviate. It was shown that chemical
composition of the radiating plasma can be computed from the main spectrum.
The high temperature component is also known as the second spectrum and has
characteristic temperature of nearly 10000 K. The high temperature region is prob-
ably formed in the front of the meteoroid, near the shock wave of the meteor [8].
The chemical composition cannot be derived exactly, nevertheless, the determined
elemental abundances from fireball spectra were found to be consistent with com-
mon meteorite composition. The typical lines for the second spectrum are the high
excitation lines of Mg II, Si II, N I and O I. The low excitation transitions in singly
ionized atoms can be present in both spectral components. This is most notably the
case of Ca II, which is bright in both spectra, but also fainter lines of Ti II and Sr II
can be present in both components. The second spectrum is strong in fast meteors
while it can be absent in slow meteors with velocity of about 15 km s-1 [1]. The ratio
of gas masses involved in the production of both components was found to be a steep
function of velocity.
The ratio of meteoric vapors to the atmospheric species in both components
shows interesting disparities. Nitrogen and oxygen lines are not present in the main
component. This is caused by the absence of allowed low excitation transitions in
these atoms. The atoms simply do not radiate at 5000 K. Based on the pressure
balance with surrounding atmosphere, [8] concluded that about 95% of atoms in
low temperature gas were the invisible atmospheric species. The second spectrum
demonstrates both meteoritic and atmospheric emissions. Their ratio varies widely.
In faint meteors of medium and high velocity the meteoric emissions in the second
spectrum are often absent, while O I and N I lines and N2 bands are still present.
The N2 bands sometimes appear very early on the trajectory [44]. Other works [45]
described cases in which meteoritic emission invisible at the start of the trajectory
burst out later, while the atmospheric lines brighten only moderately. Based on these
effects, it appears that atmospheric emissions are less dependent on the ablation rate,
which is rather expected.
The previously described spectral lines are characteristic for meteor head - the
brightest part of a meteor. Other phases of the meteor phenomenon present specific
spectral features. The spectrum of the meteor wake consists chiefly from low excita-
tion lines. Typical wake lines belong to Na I, Fe I, Mg I and Ca I. The short-duration
trains are formed by only one spectral line, the forbidden green auroral line of neutral
atomic oxygen at 557.7 nm. The luminosity is probably produced by the atmospheric
oxygen. Persistent trains are still not well understood phenomena. Several spectra
have been taken in the recent years, which show different features from case to case.
10 Pavol Matlovič and Juraj Tóth
Fig. 4 Different types of
chondrules (large circular
shapes in the middle of
the pictures) in the Košice
ordinary chondrite meteorite
(image by D. Ozdin, further
description is provided in
[49]).
Fig. 5 Electron images of
chondritic porous micromete-
orites of cometary dust (from
[50]).
The spectra show both continuous or quasi-continuous radiation and atomic lines.
The most important and most persistent line, common for all spectra, is the sodium
doublet near 589.2 nm. This suggests that the long-living luminosity is due to simi-
lar mechanism which produces the sodium airglow - a luminous layer in the Earth’s
mesosphere (80 - 105 km) of characteristic yellow color.
While meteor spectroscopy presents the most efficient way to study of meteoroid
composition from unbiased sources, the composition of the radiating plasma during
meteoric interaction does not fully reflects the composition of the original meteoroid
[8]. Meteoroid composition must cover a wide range of material types including
asteroidal, lunar and martian samples known from meteorite laboratory studies (for
mineralogical overview, see [46]) and the lesser known cometary materials, so far
only covered by few spacecraft probes such as the Stardustmission to comet 81P/Wild
2 [47] and Rosetta mission to comet 67P/Churyumov-Gerasimenko [48].
Most of the known meteorite samples come from primitive rocky asteroidal
bodies formed in the early solar system which never reached the melting limit
temperature in their interiors. This primitive material presents valuable chemical
clues preserved from the early stages of the solar system formation. Most of the
known rocky meteorites are chondritic, meaning that they contain chondrules, 0.1
- 1-mm sized objects of glass and crystalline silicates formed by melting followed
by rapid cooling (Fig. 4). They also contain Ca- and Al-rich inclusions (CAIs)
composed of refractory oxides and silicates and formed by condensation of high-
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Fig. 6 Spectral classification of mm-sized and mm-m-sized meteoroids showing range of material
types detected from meteor observations (from [10] and [54]).
temperature nebular gases. Besides the primordial material from the early solar
system, it was detected that chondrites also contain particles from other stars [51].
Primitive chondritic composition has been also detected in samples of cometary dust
(Fig. 5).
Not all interplanetary bodies are chondritic. Variations of stony achondrites, iron
and stony-iron materials have been identified frommeteorite samples on Earth. They
point towards more complicated formation processes and material differentiation in
larger bodies. Still, together they only constitute approximately 7% of all known
meteorite samples. The ratios of identified meteorite materials is however biased
by the fact that only stronger asteroidal samples can withstand the ablation in the
atmosphere and reach the Earth’s surface. Given the dust production rates of comets
and the observed activities of major meteor showers, it is likely that majority of
smallermeteoroids in interplanetary space are of cometary origin. Precise orbital data
determined from multi-station meteor observations along with the compositional
information from emission spectroscopy allow us to study the real distribution of
materials in the solar system.
To achieve this goal, larger surveys of meteor spectra based sensitive video
spectrographs were initiated [10, 52, 53]. Generally, these instruments yield low-
resolution spectra from which elemental abundances cannot be reliably determined.
To reveal variations of meteoroid composition, the method of spectral classification
was established. The method is based on the relative intensities of the three main
emission multiplets Na I, Mg I and Fe I representative of the different components
of meteoroid composition (volatile, silicate and metallic respectively). Fig. 6 shows
the results of such studies for different size populations of meteoroids.
While this method can be used to distinguish distinct meteoroid types from
common chondritic bodies, the distinction between specific material types (e.g.
specific chondritic classes) is difficult [55]. For this purpose, detailed model of
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Fig. 7 The simulated ablation
of a chondritic meteorite at
the probe of the plasma wind
tunnel (image by the High
Enthalpy Flow Diagnostics
Group, IRS).
meteor spectrum based on the solution of radiative transfer needs to be applied to
records captured in high-resolution. First such model assuming thermal equilibrium
and self-absorption in the radiating plasma was developed by [8] and applied to an
excellent spectrum captured by a photographic system. Relative abundances for 9
elements were determined (Fe, Na, Mg, Ca, Ti, Cr, Mn, Ni, and Al) in agreement
with laboratory meteorite measurements. Similar method has been since used for
individual fireball spectra by few different authors [9, 56]. Similarly detailed analyses
of meteor spectra for larger quantities of meteoroids samples are still missing.
Recent experiments suggest that our abilities to study meteoroid composition and
ablation from ground-based observations can be also improved by laboratory anal-
yses. Several teams have focused on using laser-induced breakdown spectroscopy
of meteorite samples to study meteoroid composition [57, 58]. Alternatively, the
simulated ablation of meteorites in plasma wind tunnels has been used to success-
fully reproduce the atmospheric meteoroid interaction [59, 56, 60] (Fig. 7). Besides
high-resolution Echelle spectra, these experiments provide valuable data on the ab-
lation processes for different meteoroid types. The next step is to quantitatively
link the phenomena observed in the laboratory with real meteor observations in the
atmosphere.
4 Meteor observations and meteoroid population studies
For meteor scientists, Earth’s atmosphere serves as a large detector of meteoroid
inflow in the region of 1 au from the Sun. Various observational methods can be
used to observe meteors and provide different information about meteoroids. The
light from meteor ablation can be observed visually by naked eye or telescopes, by
photographic and video cameras, radar systems, seismic and infrasonic detectors.
Simple visual observations of meteors, though the least comprehensive, have
historically been crucial in gaining basic knowledge of the inflow of meteors and
describing shower activities. The earliest records of individual meteor sightings
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and probable meteor showers were made in ancient Mesopotamia and China, at
the beginning of second millennium BC [61, 62]. Still today, visual reports are
useful for constraining information on potential meteorite impacts, or calibration of
instrumental efficiencies. Reports from visual observations can be submitted to the
International Meteor Organization database2.
Optical video and photographic observations are currently the most utilized by
astronomers, due to their ability to precisely determine meteor fluxes and constrain
atmospheric trajectories and speeds of meteoroids. By triangulation of meteor trajec-
tories observed from multiple stations and backwards propagation of the directional
and velocity information, original heliocentric orbit of ameteoroid can be determined
(e.g. [63]). Numerous groups have initiated development of video or photographic
networks to provide large sky coverage with multi-station observations. These net-
works include the European Fireball Network [64] in Central Europe, Cameras for
Allsky Meteor Surveillance (CAMS) network [65] in Northern America, Desert
Fireball Network in Australia [66], global All-sky Meteor Orbit System (AMOS)
network [67] based in Slovakia, Fireball Recovery and InterPlanetary Observation
Network (FRIPON) in France [68], and many others. Orbital data from these net-
works is collected in databases such as the SonotaCo [69], EDMOND [70] and
CAMS database [2].
Trajectories and speeds of meteors can be also determined by radar systems
operating in the 15 to 500 MHz frequency range. Radars can be used to study
inflow of even the faintest meteors (caused by roughly micrometer particles) and can
operate even during the daytime, allowing to identify activities of daytime showers.
Some of the most renowned radar surveys providing crucial meteor data include the
Advanced Meteor Orbit Radar Facility (AMOR) in New Zealand [71], the Canadian
Meteor Orbit Radar (CMOR) [72] or the Southern Argentina Agile MEteor Radar
(SAAMER) [73]. Radar observations have been also used to constrain the mass-
dependent flux of interplanetary particles on Earth [74, 75]. The standard mass
distribution was previously determined from lunar crater counts and taking into
account meteoroid and interplanetary dust measurements [76].
During observations, meteor showers caused by Earth intersecting meteoroid
streams appear to originate from the same point and direction in the sky, known
as the radiant. These meteoroids were ejected from their parent comet or asteroid
relatively recently and can be used to probe the properties of larger parent bodies
(e.g. [77, 78, 79, 80] or [3] for overview). For some major streams, the association
to parent object is well known (e.g. Perseids and comet 109P/Swift-Tuttle, Orionids
and comet 1P/Halley or Draconids and 21P/Giacobini-Zinner). However, there are
numerous minor streams and newly detected streams (for overview, see the IAU
Meteor Data Center3 [81]), which are yet to be confirmed in activity and linked to
their parent object. A new review of the current state of minor streams a sporadic
background research is presented in [82].
2 http://www.imo.net
3 https://www.ta3.sk/IAUC22DB/MDC2007/
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In some cases, the link to a meteoroid stream or a parent body can be established
based on orbital similarity. Dissimilarity parameters such as the D-criterion based on
orbital [83, 84] or geocentric parameters [85, 86] can be used. Recent works focus on
applications or improvements of these methods to identify potential meteoroid asso-
ciations in orbital databases [87, 88, 89]. Alternatively, wavelet transform methods
can be used to search for meteoroid streams in radar data [90]. Furthermore, mod-
eling of the meteoroid stream evolution and prediction of meteor shower activities
has improved significantly with the development of more powerful computational
facilities [91, 92].
Sporadic meteors are not associated with any meteoroid streams, but they dom-
inate the meteoroid influx at Earth. They include particles from the interplanetary
meteoroid cloud (from previous asteroid and comet dust production processes) and
in small proportion also interstellar particles [27]. The identification of their origin
is hampered by orbital alteration caused by gravitational, radiation and collision
processes. While among brighter meteors, sporadic particles comprise comparable
datasets as shower meteors, their proportion increases dramatically among fainter
meteors corresponding to smaller meteoroids (e.g. 99% of the meteors in the AMOR
radar database [93]). This effect is caused by different ejections velocities and ra-
diation forces affecting the evolution of smaller particles. All of the instrumentally
observed meteorite impacts have originated from sporadic meteors [55]. The im-
proved observational techniques and larger sky coverage allows for higher efficiency
in the location of meteorite impacts [4, 5, 6, 7]. The most advanced techniques for
trajectory and photometric measurements today allow for very precise prediction of
the meteorite strewn field [94].
Large datasets of sporadic meteoroids from optical and radar detections have
revealed six sporadic meteor sources at the Earth. These sources do not generally
correspond to physical meteoroid structures, but rather describe observed concen-
trated regions in the radiant space. The detected meteor sources are affected by the
motion of the Earth around the Sun [95]. The strongest sources are the helion and
anti-helion source in the ecliptic plane at aproximately 70◦ from the apex direction.
These sources are likely formed by particles produced by Jupiter-family comets
[25, 96]. We also observe north and south apex sources centered towards the direc-
tion of Earth’s movement and toroidal sources 60◦ north and south from the apex.
The apex and toroidal sources seem to originate from Halley-type or long-period
comets [25, 97]. Furthermore, radiant distribution of sporadic meteors reveals a
ring depleted in meteor radiants at 55◦ from the apex [98]. The ring is attributed to
high-inclunation meteoroids undergoing Kozai oscillations [25]. Studies of sporadic
meteors have also provided constrains for the speed distribution of incoming parti-
cles, showing that most meteoroids impact the Earth at low speeds (≈ 11–20 km s-1)
[99, 100].
Meteor observations can be also used to study the presence of interstellar bodies
in the solar system. Interstellar dust was first detected by the Ulysses spacecraft [101]
during a flyby of Jupiter and since studied by multiple other missions. The measured
interstellar particles are usually not larger than a few microns. The detection of
larger interstellar meteoroids would provide significant implications for the dust-to-
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gas mass ratio in close interstellar medium. Generally, meteoroids with speed above
approximately 72 km s-1 (given by the sum of the escape speed from the solar system
and orbital speed of Earth) are on orbits not bound to the Sun. Slower meteoroids can
still originate from the interstellar space, but cannot be identified as such only based
on their speed. Typically large uncertainties of the determined meteoroid velocities
for very fast meteors must be taken into account. The first detection of interstellar
meteoroids was reported from the AMOR radar data [102], though these results are
still being debated. Analysis of CMOR radar observations showed that the interstellar
meteoroids would present a fraction too small to be statistically meaningful [72].
A search in the video meteor databases has revealed that majority of identified
hyperbolic meteoroids are caused by the velocity estimation error [103].
As briefly discussed in previous section, observations of meteor emission spectra
can provide information onmeteoroid composition.Generally, these studies are either
focused on detailed analyses of exceptional fireballs and can provide relative element
abundances [8, 9, 104], focus on characterization of meteoroid streams [105, 106]
and their parent bodies, or utilize larger datasets of low-resolution spectra to study
variations ofmeteoroid composition from different orbital sources in the solar system
[10, 52, 54, 107]. Meteor spectra studies have revealed that the depletion of volatiles
in meteoroids is mainly caused by solar radiation in close proximity of the Sun
and partially by cosmic-ray irradiation in the Oort cloud [10]. Depletion of sodium
was also shown to have implications for meteoroid structure and material strength
[108]. Besides atomic emission lines, several molecular bands have been identified
in fireball spectra [109]. One of the interesting goals of meteor spectroscopy is to
detect organic matter in meteoroids. While the detection of organic carbon can be
difficult in meteor spectra [110, 111], the commonly observed hydrogen Hα line can
be used as a tracer for the presence of organics and water [112].
Meteor trajectories and their light curves can be used to study physical prop-
erties of meteoroids. Meteoroid masses can be estimated based on optical meteor
brightness or electron line density in radar data. Unfortunately, the accuracy of mass
estimation is still limited mainly by the uncertainties of luminous and ionization ef-
ficiency parameters [113]. The most consistent estimates of meteoroid masses were
yielded by models combining meteor light curves and atmospheric deceleration
[12, 114]. The beginning and terminal heights of meteor luminous trajectory can
be used to infer the material strength of a meteoroid. The empirical classification
of [115] differentiates between the most fragile cometary (Draconid-type), standard
and dense cometary, carbonaceous and ordinary chondritic material strengths. Using
the meteoroid dustball model [11], distribution of bulk densities of meteoroids was
studied by [13]. It was revealed that on average, meteoroids on asteroidal orbits
have densities of 4200 kgm-3, on Jupiter-family orbits 3100 kgm-3 and between
260 and 1900 kgm-3 on Halley-type orbits. Grain densities of meteoroids can also
be estimated using the heat conductivity equation and combining meteor trajectory
measurements with laboratory data for different rock and mineral types [116, and
references therein]. The difference between the bulk and grain density can be used
to infer porosities of meteoroids.
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Recent works and high-definition meteor observations [117] suggest that ma-
jority of meteoroids undergo different forms of fragmentation in the atmosphere,
which is not accounted for in the single body theory (Section 2). Furthermore, it
has been shown that ablation of meteoroids composed of iron-nickel alloy differs
significantly from standard chondritic meteoroids [118]. For accurate determination
of meteoroid physical properties, more complex models that describe the ablation
and fragmentation of meteoroids are required [12, 119, 120].
5 Summary
We have presented a brief introduction to meteor astronomy and the fundamental
processes of meteor ablation. The approach to constrain meteoroid properties from
various ground-based observation techniques was described. Meteoroids are small
interplanetary bodies continuously produced by sublimation, outgassing and colli-
sions of comets and asteroids. During their interaction with the Earth’s atmosphere,
they create luminous phenomena known as meteors. This process can be studied
from various points of view and eventually allows us to study dynamical processes
and distribution of interplanetary material in the solar system. The current meteor
research topics focus on different aspects of the phenomenon. Due to improved and
efficient video and photographic techniques, numerous observational networks were
created around the world and produce large datasets of orbital data. These observa-
tions can be used to study activities of meteor showers and link meteoroid streams
with parent comets and asteroids.
Due to the improved sky coverage, the number of instrumentally observed me-
teorite falls rises and allows higher efficiency in locating meteorite impacts. The
sensitive radar observations enable studies of interplanetary dust inflow, sources of
the sporadic background and activities of daytime showers. More complex models
of meteoroid ablation and emission spectra can be used to determine physical prop-
erties and composition of meteoroids and provide implication for the processes of
material transfer in the solar system. Future analyses of meteors can be improved
by utilizing laboratory facilities such us wind tunnels and shock tubes to simulate
meteor ablation in controlled environment. While we already know a lot about the
processes of meteor interaction and meteoroid populations, there are still numerous
open questions to be answered and more details be obtained to better understand our
solar system and prepare for potential Earth impacts and spacecraft shielding.
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